Quantitative determination of IncP-1 plasmid loss from Escherichia coli cells colonizing the gastrointestinal tracts of germfree rats was achieved by flow cytometry. Results show that the plasmid's ability to conjugate counteracts plasmid loss and is thus an important mechanism for the stable maintenance of IncP-1 plasmids within the gastrointestinal environment.
Quantitative determination of IncP-1 plasmid loss from Escherichia coli cells colonizing the gastrointestinal tracts of germfree rats was achieved by flow cytometry. Results show that the plasmid's ability to conjugate counteracts plasmid loss and is thus an important mechanism for the stable maintenance of IncP-1 plasmids within the gastrointestinal environment.
Conjugative plasmids of the incompatibility group IncP-1 play an important role in bacterial adaptation in diverse environmental settings and have been studied intensively for the last few decades (1) . Much information regarding their accessory elements (1) , conjugational kinetics (4), regulatory networks (13) , and evolution (5) has been reported, and additionally, several plasmids belonging to various subgroups have been fully sequenced (9, 11, 12) . The intrinsic stability and natural existence conditions of these extrachromosomal elements, however, have attracted much less attention, and questions still remain unanswered as to whether IncP-1 plasmids may persist in natural bacterial populations or communities as genetic parasites in the absence of selective pressure (3) . In the present study, we investigate the stability of the tetracyclineresistant IncP-1 plasmid pKJK5 (10) harbored by Escherichia coli cells colonizing the gastrointestinal (GI) environment of germfree rats and ask whether it may be maintained in this environment in the absence of evident plasmid-selective conditions. Furthermore, the importance of conjugative transfer as a plasmid-stabilizing mechanism will be evaluated.
Escherichia coli strain MC4100::gfp, which expresses a flow cytometry-optimized version of the green fluorescence protein gene (gfp) constitutively from the strong P A1-04/03 lac promoter, was used as a plasmid host strain. Plasmids pMIB4 and pMIB8 were constructed by insertion of the Entranceposon (Km r lacI q1 ), encoding a Lac repressor protein and a kanamycin resistance determinant, into plasmid pKJK5 as previously described (2) and represent a conjugation-proficient (insertion not in an open reading frame) and a conjugative-deficient (insertion in traF) derivative of the plasmid, respectively (M. I. Bahl, L. H. Hansen, and S. J. Sørensen, submitted for publication). These plasmid derivatives apparently differ only in their ability to conjugate, and both repress the expression of gfp in the host cell, which is, however, derepressed following plasmid loss. Twelve female germfree Sprague-Dawley rats, 5 to 6 weeks old and bred at the Danish Institute for Food and Veterinary Research, were originally obtained from IFFA Credo, France. Living conditions were as previously described (6) . The animals were caged individually and placed in two groups with six in each group. On day 0, all rats were inoculated by oral gavage with approximately 1.2 ϫ 10 9 CFU of either E. coli MC4100::gfp/pMIB4 (group A) or E. coli MC4100::gfp/pMIB8 (group B). Fecal samples (0.5 to 1 g) excreted during the preceding 24 h were collected from the individual animal cages every 2 or 3 days. Samples were diluted in phosphate-buffered saline and plated on LB agar plates supplemented with kanamycin (50 g/ml) or both kanamycin and tetracycline (20 g/ml) for CFU counting or partially sedimented by centrifugation at 200 ϫ g for 2 min to remove fecal debris. Subsequently 50 l of the bacterial cell-containing supernatant was inoculated into 5 ml prewarmed LB broth and incubated on a rotary shaker (300 rpm) at 37°C for 2 h to allow sufficient enrichment of the bacterial populations for flow cytometry analysis. Parallel enrichments were also performed in the presence of 1 mM isopropyl-␤-D-thiogalactopyranoside, which induces the lac operon, in order to evaluate the flow cytometry detection system. A FACScalibur flow cytometer (Becton Dickenson), equipped with an argon ion laser (488-nm) capable of green fluorescent protein (GFP) excitation, was used for analysis. The voltages were set at 366 V for side scatter (SSC) and 730 V for fluorescence detectors FL1 and FL2, and the E01 setting (amplification, ϫ10) was used for forward scatter. A threshold of 200 was set on the SSC detector. The total population of exponentially growing plasmid sensor cells was well defined and easily distinguishable from background noise in a bivariate SSC/forward-scatter dot plot. A sort gate was established around this population, and only events within this were used for further analysis. A total of 100,000 events were acquired at every sampling. Green-fluorescing cells, i.e., plasmid-free cells, constituted a well-defined subpopulation of the plasmid sensor cells when plotted in a bivariate FL1/FL2 dot plot, and a second sort gate was established around this population for enumeration. No background events were observed within this gate during analysis of cell-free fecal material. In all cases, above 95% of the total populations achieved a GFP-positive phenotype in control samples induced with isopropyl-␤-D-thiogalactopyranoside, and a cor-rection for this small discrepancy was made in the calculations. Further information on the flow cytometry approach has been published elsewhere (2) . Data analysis was performed with Cellquest software (BD Biosciences).
Both plasmid sensor strains colonized the GI tracts of the germfree rats equally well and reached constant CFU counts between 10 9 and 10 10 CFU/g (wet weight) of feces on day 3 (Fig. 1) . The ratio of CFU counts on plasmid-selective LB agar plates to counts on plates without tetracycline decreased during the study period. On day 9, the fractions of tetracyclineresistant CFU were between 30% and 50% in both animal groups (Fig. 1) , which could give the impression of significant plasmid segregation. Replica plating of 200 colonies from nonplasmid-selective LB plates on day 9 from one animal in each group, however, revealed that all tested clones displayed a tetracycline-resistant phenotype, which is consistent with harboring the plasmid. This indicates that the large differences observed in CFU counts on plasmid-selective and nonselective plates were not caused by plasmid loss but rather were attributable to a phenotypic lag in expression of the plasmid-associated energy-dependent tetracycline efflux pump.
The stability of plasmids pMIB4 and pMIB8 harbored by E. coli MC4100::gfp cells in the GI tract was further assessed by a flow cytometry-based approach (Fig. 2) . Prior to inoculation on day 0, both cell suspensions contained Յ0.001% GFP-positive (i.e., plasmid-free) cells. In group B (nonconjugative plasmid), the fraction of plasmid-free cells increased progressively throughout the entire period and reached 2.3% on day 11. This is consistent with low-level vegetative plasmid segregation during growth without an opportunity for reinfection by conjugation. A specific growth advantage of segregant cells could further accelerate the loss of plasmids from these populations. In contrast to this, the average fraction of plasmid-free segregant cells in group A animals (conjugative plasmid) reached a maximum value of 0.08% on day 3 and then decreased again to approximately 0.005%, which was maintained from day 7 until the end of the study period. Thus, during the colonization process, the plasmids' ability to conjugate was not sufficient to compensate for plasmid loss by vegetative segregation. This could be due to the high initial growth rate in the nutrient-rich gut environment of the germfree animals, resulting in a high rate of plasmid loss. Additionally, the density of bacterial cells within the gut environment reached a maximum level around day 3 (Fig. 1) , thus providing the optimal conditions for plasmid transfer from this point in time (7) . Phenotypic examination of approximately 10,000 single colonies derived from nonselective LB plates from samples retrieved on day 9 from both groups of animals was conducted under blue light (100-W mercury pressure short-arc lamp with a 450-to 490-nm filter). Thirty entirely GFP-positive colonies were all tetracycline sensitive, and the ratios of GFP-positive colonies were concordant with those obtained by flow cytometry analysis (Fig. 3) . The on October 1, 2017 by guest http://aem.asm.org/ apparent ability of the conjugative plasmid derivative to reinfect plasmid-free segregant cells in the GI tracts of germfree rats is consistent with the plasmid behaving as a genetic parasite in this environment. Our results highlight the importance of investigating the existence conditions of plasmids in natural environmental habitats and further demonstrate that flow cytometry is a powerful and extremely sensitive technique for such studies. It remains to be investigated whether IncP-1 plasmids could also be stably maintained in the intestinal tracts of conventional animals in the absence of selective pressure. The typically very broad host range of this plasmid group (8) could provide the necessary fluidity to allow them to occupy many different bacterial taxa, which in turn may be sufficient for a parasitic lifestyle.
